Recently, the topological physics in artificial crystals for classical waves has become an emerging research area. In this Letter, we propose a unique bilayer design of sonic crystals that are constructed by two layers of coupled hexagonal array of triangular scatterers. Assisted by the additional layer degree of freedom, a rich topological phase diagram is achieved by simply rotating scatterers in both layers.
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The discovery of topological insulators, signaled by the presence of symmetry protected edge states, has opened up new avenues for condensed-matter physics [1] [2] [3] [4] , because of great interest in fundamental physics and prospective applications (e.g., in quantum computing). Recently, intense efforts have been devoted to realizing classical analogues of two-dimensional (2D) topological insulators for photonic, mechanical and sound waves . The macroscopic characteristic plus the flexibly tunable crystal symmetry enable these classical systems to be good platforms to investigate the topological properties predicted originally in electronic systems. The topologically protected edge modes could be particularly attractive to overcome some disorder-related restrictions in photonic and acoustic technologies.
Basically, the existing 2D topological insulators for classical waves can be classified into two groups: those mimicking integer quantum Hall insulators with broken time-reversal (TR) symmetry, and those mapping to quantum spin Hall (QSH) insulators with intact TR symmetry. To break the TR symmetry, magneto-optic effects [5] [6] [7] [8] [9] , gyroscopic metamaterials [10, 11] , and circulating fluid flows [12] [13] [14] [15] have been introduced to the photonic, mechanical and acoustic systems, respectively. Resorting to the paraxial approximation in phase modulated waveguides [16] [17] [18] , effective gauge flows have also been used to simulate the quantum Hall effect. To design classical QSH insulators, pseudospins must be constructed since the classical waves lack intrinsic half-integer spins. The early attempts have been focused on 2D photonic systems, in which different transverse polarization modes are combined together to mimic the Kramers doublet [19] [20] [21] [22] . Similar approaches have been further extended to elastic [23] and mechanical systems [24] . Recently, degenerated Bloch modes induced by high crystalline symmetries have also been proposed to realize pseudospins for polarized light [25, 26] and scalar sound [27] [28] [29] .
In addition to spin, valley degree of freedom has been proved to be another controllable degree of freedom for electrons and recently attracted much interest in 2D layer structures [32] [33] [34] [35] [36] [37] . The nontrivial Berry curvature may also contribute topological edge transport without breaking TR symmetry [38] [39] [40] [41] [42] [43] . The valley index is easy to migrate to the classical systems by breaking mirror or inversion symmetry [44] [45] [46] [47] . This provides another efficient recipe to realize topological edge modes for classical waves [48] [49] [50] [51] [52] [53] [54] . Interestingly, Lu et al. have observed the valley-projected 3 edge transport of sound in a monolayer sonic crystal (SC) [49] , where the topological phase transition is realized by simply rotating the anisotropic scatterers. In this Letter, we propose a new strategy to achieve topological sound transport by designing a bilayer SC (BSC) made of rotated scatterers. Combining the valley and additional layer indices together, the unique bilayer system exhibits a richer topological phase diagram than those explored previously [27] [28] [29] 49 ]. Our analytical model demonstrates that the topological phases can be characterized by two quantized topological invariants. The presence of nontrivial acoustic edge modes, either layer-mixed or layer-polarized, has been validated numerically and experimentally. As a manifestation of prospective applications of our bilayer system, an intriguing inter-layer converter has been conceived further for flipping the layer-polarization. We start from the BSC with 0   . It has been pointed out that, for a hexagonal monolayer SC with unrotated triangular rods, Dirac degeneracy emerges at the Brillouin zone corners K and K' owing to the protection of C 3v symmetry [55] . [56] ). The former is a natural bilayer extension of the valley Chern number concerned in the monolayer system [48] [49] [50] [51] [52] [53] [54] , and the latter identifies the layer information and resembles that proposed for QSH systems [57, 58] . Novel sound manipulations, e.g., intra/inter-layer communications, could be realized by integrating the above topological phenomena together in a compact device.
Here we propose an efficient inter-layer converter to flip the layer-polarization. As shown in Fig. 5(a) , the device is constructed by four distinct BSC phases that support ALH (bilateral) and AVH (middle) edge modes along the x direction interfaces. For a point source (red star) positioned at the left entrance of the upper layer crystal interface, as predicted by a systemic analysis similar to Fig. 4 , most of sound energy is switched to the lower layer as the wave reaches another ALH interface, assisted by the layer-mixed AVH interface with specific length. This inter-layer conversion has been further confirmed experimentally, as manifested in Fig. 5(b) by the measured pressure amplitudes along the upper and lower crystal interfaces.
In conclusion, a unique bilayer design of the SC has been proposed to attain and enrich topologically distinct acoustic insulators. Assisted with the additional layer information, the valley-projected edge modes can be either layer-mixed or 11 layer-polarized. Interestingly, the bilayer design based on rotating scatterers is much different from those bilayer systems proposed in condensed matter physics [37] [38] [39] [40] [41] [42] [43] , which allows us to explore fundamentally new physics beyond the original ones. Our findings have demonstrated versatile controllability over the valley-projected edge modes in response to external sound sources, comparing with the existing topological acoustic insulators [27] [28] [29] 49] . Extensions of our scheme to other artificial structures (e.g., for elastic and electromagnetic waves) would be very interesting, and their further couplings with intrinsic polarizations may inspire both fundamental physics and practical applications.
